Sound propagation in gas-filled capillary-tube-type porous media was investigated. The capillary tubes were taken to be nominally straight with very small pores in the walls of the capillary tubes. The complex wave number and the characteristic impedance of such media were evaluated. Application to ceramic samples having capillary pores with square cross sections and porous walls is developed as an explanation for the anomalous tortuosity factor previously inferred for this material. Specific acoustic impedance (SAI) measurements were performed for rigid-backed square pore ceramic media having finite wall porosity. It is shown that phase velocity is decreased, attenuation is increased, and characteristic impedance is decreased by finite wall porosity. SAI measurements were also performed after the wall pores were filled with water. These measurements agree favorably with the porous wall and nonporous wall theories, respectively. This work provides a model for the acoustical properties of gas-filled monolithic catalyst supports of which the square pore ceramic media is an example.
INTRODUCTION

Theory •'2 and experiments t were recently reported for
sound propagation in porous media consisting of straight capillary tubes having square cross sections. The experimental work was aimed at testing the efficacy of first-principle models for predicting the acoustical properties of porous media with well-defined geometries. The measured complex wave number t was approximately 10% larger than the values predicted from theory assuming nonporous walls. However, the ceramic porous sample used actually has walls that are porous, as indicated schematically in Fig. 1 (a) and (b). A qualitative explanation for the discrepancy was that the finite porosity of the ceramic square pore wall should increase the bulk compressibility of air in the porous media and hence increase the complex wave number. This deereases the phase velocity and increases the attenuation, as was observed in the measurements. Effects of wall pores on propagation in porous media were also qualitatively discussed earlier. 3 In this paper, the effects of finite wall porosity are included in the theory for sound propagation in a porous media consisting of nominally straight capillary tubes with much smaller pores in the capillary tube walls. The theory is cast in a sufficiently general form that it is useful for capillary tubes having geometries other than squares. Specific acoustic impedance (SAI) measurements of a rigid-backed ceramic sample and a previous measurement of the complex wave number t compare favorably with the porous-wall porous media theory. Wall pores were filled with water and the SAI measurements were repeated. These measurements agree favorably with nonporous wall theory. The theory shows that the complex wave number is increased and the characteristic impedance is decreased on account of finite wall porosity.
Finite wall impedance concepts have been used in related work. For a sufficiently wide tube, absorption of the plane wave mode can be accounted for using the expression for boundary layer impedance as a boundary condition at the tube wall. 4 Similarly, sound absorption in ducts with absorbing liners at the duct wall can be modeled using the liner impedance as a boundary condition? These concepts also find use in bore hole measurements in geophysics. 6
The ceramics used in this investigation are an example of a monolithic catalyst support. 7 Several manufacturers use these ceramics in automobile catalytic converters. Physical properties, such as the ability to hold coatings and low thermal conductivity, can be obtained by adjusting the ceramic wall porosity. 7 A combustible material that burns out during the final sintering is added to the raw ceramic mixture to increase the porosity for some applications. 7 The theory developed here provides a model for the low-frequency acoustical properties of gas-filled monolithic catalyst supports. These ceramics may be useful as low-frequency sound absorbers. They may also be useful in thermoacoustic heat engines due to their low thermal conductivity, regular geometry, wide spread availability, and low cost.
I. PROPAGATION IN POROUS WALL POROUS MEDIA
A. Assumptions
In ideal acoustics an often used approximation is that sound wave propagation is adiabatic and that the fluid is inviscid. At boundaries it is sufficient to assume continuity of pressure and the normal component of particle velocity.
Ideal acoustics boundary conditions are not sufficient to cleo scribe sound propagation in porous media for which the solid and fluid volumes are intermingled and are on the same order. Account must be taken of momentum and energy transport phenomena, viscosity and thermal conductivity, which occur as a result of velocity and temperature gradients. In viscous fluids it is usually a good assumption that the total particle velocity is zero at a rigid stationary boundary. For boundaries such as solid-gas interfaces compression and expansion of gas can result in transport of heat to and from the solid for parcels of gas sufficiently close to the walls. At boundaries gas and solid temperatures are assumed to be the same since in solids the heat capacity is usually much greater than that of the gas. Any local heating of the solid due to the gas is diffused throughout the solid since it is generally a much better heat conductor than the gas. For A• 1, the magnitude of particle velocity in a pore is much less than that predicted by (inviscid) ideal acoustics and has nearly a quadratic dependence on the transverse coordinates as does de flow through a capillary tube (Poiseuille flow). For/[>) 1, the magnitude of particle velocity closely matches that predicted by ideal acoustics except in a thin boundary layer of thickness 6• in which particle velocity changes rapidly to zero at the pore wall. For/t r • 1 the gas temperature is the same as the wall temperature and density changes in the gas occur isothermally rather than adiabatically. For/lr• 1 density changes are adiabatic except in the thin boundary layer 6• surrounding the pore wall over which density changes go from adiabatic to isothermal. A good measure of the characteristic transverse pore dimension is R = twice the transverse pore area/pore perimeter. For example, the characteristic dimension is R = a for circular pores of radius a and for square pores of semiwidth a.
This definition of R is twice the hydraulic radius. neeted by wall pores, as indicated in Fig. 1 (b) . Transverse dimensions in the main pore are given by coordinates (x,y), as indicated in Fig. 1 (a) .
The central assumptions are now given concerning osciliatory motion and condensation of gas in the wall pores.
At the frequencies considered, particle velocity in the wall pores is much less than it would be for ideal acoustics as a result of gas viscosity and the small radii of wall pores. Condensation of gas in the wall pores is taken to occur isothermally at the same temperature as the solid matrix of the porous media. In terms of the dimensionless parameters, these assumptions are •.•, < 1 and/fro, < 1, where subscript to refers to wall pores.
The central assumption concerning pressure in the main pore is that it is only a function of the longitudinal coordinate z, not the transverse coordinates? One justification of this assumption is that frequencies considered are much less than the cutoff frequency for radial modes in the main pore. This is the standard assumption for the pressure in nonporous wall porous media theory? A second argument for this assumption is that the wall impedance is much greater than the characteristic impedance in the main pore and the pore diameter is much less than the acoustic wavelength.
The useful range of the porous-wall theory can be stated most generally in terms of the dimensionless numbers relating pore radius and the frequency-dependent viscous penetration depth. This model should be useful for porous media with main pores such that 2 > 1 and wall pores such that A w < 1. These criteria were not derived from more general theory but appear to be consistent with the assumptions made above. In the experiments discussed below 4 < 2 < 18 and 2w was estimated to be in the range 0<2• < 1.2. The frequencies considered were in the range 75-1300 Hz. Wall pore diameters ranged up to • 100 pm, and the main pore width was 1.54 mm. Further discussion is given in Sec. III.
B. Analysis for porous wall porous media
Consequences of the assumptions given above on the linear acoustic equations in porous wall porous media are now developed. An exp ( --imt) sign convention will be used for constant frequency oscillations. In the frequency domain, linear acoustic quantities in a single main pore are transverse and longitudinal components of particle velocity, v(x,y,z) = v• (x,y,z) + v• (x,y,z)•, pressure, p(z), density, p(x,y,z), and temperature, T(x,y,z). Ambient quantities are density, Po, temperature, To, and pressure, Po. The transverse velocity has been computed for circular pores and nonporous walls by Tijdeman. 4o
A general result is established first. In the geometry of a single main pore in Fig. 1 (a) 
where p(z) = .4 •oep(x,y,z)dx dy and v• (z) = A -X (x,y,z)dx dy are the cross-sectionally averaged acoustic density and z component of particle velocity for a main pore of cross-sectional area A, e.g., the square area in Fig. 1 (a) 
with S being the perimeter of a main pore having outward unit normal n and dS an element of perimeter. In the standard approach to capillary-tube-based porous models, the main pore wall is both rigid and nonporous and the boundary condition v• = 0 at the pore wall significantly simplifies the pore-averaged continuity equation to -imp(z) +Po dvz(z)/dz = O. According to Eq. (3) average gas density in the main pore changes in time due to compression of the gas and as a result of mass flux Pon (x,y).% (x,y,z) into the pore wall. A reasonable assumption is that the porous wall radius of curvature in a transverse plane is much greater than typical wall pore diameters. Under this assumption the porous wall can be taken locally to be a flat surface having a specific acoustic impedance Z,o. In this averaged sense continuity of the normal component ofvT (Fig. 2 shows the normal) at the mainpore porous-wall boundary is taken to be n(x,y).% (x,y,z) = p(z)/Z•o.
Here p ( z ) / Zw is the longitudinal particle velocity in the wall pores evaluated at the interface of the main pore and entrance to the wall pores. As discussed above, p(z) is taken to be constant in a given cross section of a main pore. Use of the boundary condition, Eq. (4), in the continuity equation, Eq. 
where S is the perimeter of the arbitrarily shaped main pore, e.g., the square in Fig. l(a kOpoV, (z) = F(.•) dp(z) The normalized specific acoustic impedance •rb of a rigid-backed square pore sample is
where L is its length. Calculations of •r• will be compared with measurements in Sec. III. It is noteworthy that this measurement is sensitive to both the characteristic impedance •' and the complex wave number k of the material when absorption over length 2L is not severe.
II. SPECIFIC ACOUSTIC IMPEDANCE MEASUREMENTS
The ceramic porous material has straight tubes with square cross sections, as shown schematically in Fig. 3 After SAI measurements were made on the dry, porous wall sample, the ceramic was flooded with water. Strong molecular attraction between water molecules and the ceramic held water in the small volumes of the wall pores. However, water in the main pores was easily removed by shaking the sample. Thus a three phase (water, ceramic, and air) sample was produced. Because of the huge impedance mismatch though, the combination of wall-pore water and ceramic sample wall are considered a rigid matrix. This combination gave us an ideal porous sample consisting of straight, square-pore capillaries with nonporous walls. SAI measurements were also made on this three-phase sample. Clearly the ceramic sample has finite wall porosity. The larger pore diameters were estimated to be 100 pro. The intcrior wall pore volume is roughly spherically shaped, though the walls are not smooth. Wall pores with small diameters in Fig. 4 often open to larger diameter cavities in the ceramic walls. Wall porosity was estimated to be/10, = 49% by maximizing agreement between the experimental impedance measurement and the theoretical expression, which is a function of/10,. An estimate of do, = 100pm, the depth of wall pores, as shown schematically in Fig. 1 (a) , was made using a profileometer. The estimated values of/lo, and do, will be used in Sec. III to compute the total sample porosity from use of Eq. stant though, particularly at higher frequencies. In previous work it was noted that use of an anomalous tortuosity q = 1.1 [in the nonporous-wall theory Eq. (16) ] was necessary to obtain satisfactory agreement among theoretical and measured values of the complex wave number. This value of tortuosity is anomalous since porous media consisting of straight, rigid, nonporous capillary tubes, which was the model being used, has q = 1. The slightly frequency-dependent complex factor computed from Eq. (22) is •= 1.1. This theoretical justification for multiplying the complex wave number by a nonunity factor 2, even though the capillary tubes are straight, is a main result of this paper. Measured and calculated specific acoustic impedance are shown in Fig. 7 , with the real part in Fig. 7(a) and the imaginary part in Fig. 7 (b) . The theoretical expression for a
